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Supporting Methods

Direct MD simulations

MD simulations were performed using the GROMACS 5.1.2 package.' Newton’s equations of
motion were integrated by employing the leap-frog algorithm® with a time step of 2 fs. The trajectory
frames were recorded every 2 ps. A cutoff of 1.2 nm was applied to short-range electrostatic
interactions while long-range electrostatics was calculated using the particle mesh Ewald method.’
Van der Waals interactions were truncated at 1.2 nm. Covalent bonds containing hydrogen atoms were
constrained by the LINCS algorithm,’ and water molecules were held rigid by the SETTLE
algorithm.” The temperature of the system was maintained at 310 K by the velocity rescaling
thermostat with a stochastic term,” and the Parrinello-Rahman barostat’ was used with a time constant
of 10 ps to keep the system pressure at 1.01 bar. Before the actual production simulations, the
maximum forces were decreased below 1000 kJ mol nm™ using the steepest-descent algorithm, and a
sequence of three relaxation runs was performed: (1) a 100 ps simulation with all heavy atoms of the
protein restrained and a time step of 1 fs, (2) a 1 ns run with all heavy atoms of the protein restrained
and with a 2 fs time step, and (3) a 25 ns run with restraints placed on the Ca atoms of the protein
backbone and with a 2 fs time step. In all three relaxation steps, the force constant of the harmonic
restraints was 1000 kJ mol nm™, and the Berendsen barostat® with a coupling constant of 1 ps was

used. The first 100 ns of the production trajectories were not used for structure analysis.

REST? simulations

Two replica-exchange with solute tempering (REST2) simulations’ of Ca**-free recoverin
were conducted: one for the semi-open state and the other for the closed state. In both simulations, the
solute, i.e., the effectively heated part of the system, was formed by the EF3 loop (residues 110-121).
The REST2 simulations were performed in the GROMACS 5.1.4 software’ patched with the
PLUMED 2.3.0 package.'’ For the Ca*"-free semi-open state, the simulation was started from the same
structure as the production run of the Ca**-binding semi-open state, but with the Ca>" cation deleted

from EF3. For the closed state, we launched the simulation from the same structure as we did for the



direct production run. A total of 13 replicas of the system were simulated at 310 K with effective
solute temperatures ranging from 310 K to 900 K (see Table SXA) and with exchanges of replicas
being attempted every 2 ps. The average transition probabilities ranged from 0.21 to 0.36 for the
neighboring pairs of effective solute temperatures. Importantly, the lowest effective solute temperature
was frequently visited by replica geometries that had spent portions of their time in the high
temperature range (see Fig. S9). Results were analyzed for the lowest effective solute temperature,
sampling the statistical ensemble of interest. The first 100 ns of the production trajectories were not

used for the analysis.

TO Tl TZ T3 T4 TS T6 T7 TS T9 TIO Tll T12

310 | 339 | 370 | 405 | 442 | 483 | 528 | 577 | 631 | 689 | 754 | 824 | 900

Table SXA. Solute temperatures [K] used in the REST2 simulations of recoverin.

Calculations of calcium affinities

Where not yet bound to recoverin, a Ca>” ion was inserted into the simulation box by replacing
a K" ion located near the EF3 loop. An additional K" ion was removed to compensate for the double
positive charge of Ca®". A short (100 ps) targeted MD (TMD) simulation was conducted to bring the
Ca’" ion to an immediate proximity of EF3 (less than 0.8 nm from the center of mass of the EF3 loop).
A 50 ns direct MD simulation was then performed to effectuate binding of the Ca®>" ion to the EF3
loop. Throughout this simulation, a wall potential imposed on the distance of the Ca®" ion from the
center of mass of the EF3 loop prevented the cation from moving farther than 0.8 nm from the EF3
loop. For certain structures (see the main text), the coordination number of the Ca’" ion with the
amino-acid residues of the EF3 loop was further enhanced by performing an additional 50 ns TMD
simulation, followed by a 100 ns unrestrained equilibration run. In the former, a harmonic biasing
potential was applied to the coordination number of the Ca®* ion with the eight oxygen atoms of the

11-12

EF3 loop known from the available NMR structures to potentially coordinate Ca>” in EF3. The

force constant of the harmonic biasing potential, which was centered at a coordination number of 6,



was raised from 0 to 500 kJ/mol during the initial 2 ns of the TMD simulation, and it was maintained
at this value for the remaining duration of the TMD run.

The standard free energies of Ca*" binding were calculated on the basis of free-energy profiles
obtained from replica-exchange umbrella sampling (REUS) simulations". To preserve the overall
conformation of the protein during the REUS simulation, the positions of all Ca atoms except those of
the EF hand (i.e., residues 99-132 for binding to EF3 and 62-85 to EF2) were held fixed by
employing harmonic position restraints with a force constant of 1000 kJ mol” nm™. The free-energy
profiles were computed along a Cartesian component of the distance between the Ca** ion and the
center of mass of the EF loop. Each REUS simulation comprised 20 umbrella windows spanning the
range ~0—1.5 nm, with their initial geometries being extracted from a 2 ns pull run, performed with a
force constant of 1000 kJ mol”' nm™. The spacing (< 0.1 nm) between neighboring umbrella windows
was adjusted so as to ensure a sufficiently high exchange rate (> 0.1). Exchanges of geometries
between neighboring umbrella windows were attempted every 1 ps. The REUS simulations were
propagated for a minimum of 40 ns and extended to up to 80 ns when required for the convergence of
the free-energy profile. The strong binding of Ca®" to the NMR structure of the semi-open state
necessitated an additional REUS simulation with the collective variable restricted to the interval 0-0.5
nm and with the spacing between neighboring umbrella windows reduced to 0.01-0.05 nm. The
umbrella histograms from this additional REUS simulation were combined with those from the
original REUS simulation which were centered above 0.5 nm to obtain the free energy profile. All
REUS simulations were performed in GROMACS 5.1.4' patched with the PLUMED 2.3.0 package."
The weighted histogram analysis (WHAM) method'* was employed to construct the free energy
profiles and the bootstrap analysis method'” to estimate statistical errors.

To obtain standard binding free energies AGy from the REUS free-energy profiles, we
employed the following formula'®, in which an entropy term arising from a difference in the accessible

volumes is subtracted from the potential of mean force,

Vi
AGS = (W(r))p — kT In (V—‘;) #(1)



In this expression, (W (1)), is the ensemble average of the potential of mean force in the binding site,
V,, denotes the volume of the binding site, and V° = 1.66 nm’ is the volume corresponding to the
standard concentration C° = 1 M. Unlike W (r), the free-energy profiles G(x) obtained from our
REUS simulations (Figs. S15 and S16) already contain an entropic contribution corresponding to the
accessible volume for the Ca** ion along the dissociation pathway,
G(x) = (W(r))x — kgT InA(x) #(2)

where (W (1)), is the ensemble average of W (r) for a given value of the Cartesian coordinate x and
A(x) is the area of the volume slice, perpendicular to x, accessible to the Ca>" ion. Thus, the average

potential of mean force (W (1)), in the binding site can be expressed as
Ay
(W) =AG + kgT lnA—#(3)
f

Here AG is the difference between the value of G (x) in the binding site and in bulk solution, and A4y,
and A¢ are the accessible areas corresponding to the binding site and to bulk solution, respectively.
Since the Ca’ ion can move freely in bulk solution, A is equal to L%, where L is the size of the
simulation box. After inserting eq. 3 to eq. 1 and after additional manipulations, we arrive at our final

expression for AGY,

I 13
AGS = AG — kgT [ln (L) +1n <V0)] #(4)

where [y, is the length of the binding site along x. With [, = 0.08 nm, estimated from the RMSF of
bound Ca*", and with an average box size of L = 8.5 nm in our simulations, eq. 4 yields a AG

correction which is equal to —0.8 kcal/mol.

Calculations of spin relaxation rates

Spin relaxation rates for N-H backbone vectors were calculated from the Redfield equations,'”"®

WEM A 2
Ry === Uwn = on) + 3/ (0n) + 6] (0n + wp)] + %Jm) #(5)
dNH H
R, = [4](0) + J(wy — wy) + 3/ (wn) + 6] (wn) + 6/ (wy + wy)] +

(A)

g0 [4(0) +3/(wy) ]#(6)



where wy and wy are the Larmor angular frequencies of N and 'H, respectively, dyy denotes the
dipolar coupling constant, Ny = 1 is the number of bound protons for N-H bonds, Ac = —160 ppm
stands for the chemical shift anisotropy of N-H bonds in proteins, and J(w) is the spectral density.

J(w) can be calculated as

o

J(@) =2 f C(¢) cos(wt) dt #(7)
0

where C(t) is the second order rotational correlation function for the N-H bond vector,

3(cos? B4 ) — 1

c(t) = 5

#(8)

In this expression, 6,/,, stands for the angle of the N-H bond between times t’ and t’ +t, and the
angular brackets denote an average over t'. Before spin relaxation rate calculation, the rotational
diffusion coefficients around the principal axes of inertia of the protein were divided by a factor of 3.2
to compensate for the overestimated overall protein rotational diffusion with TIP3P water model."’*’
The factor 3.2 was chosen to optimize the agreement of R,/R; ratio between the simulation and
experiments for the Ca®" free closed state, see Fig. S4. After scaling the overall rotational diffusion,
the new rotational correlation functions were determined by taking into account the anisotropic shape
of the protein as described in detail in Ref.*’. To calculate the spectral density, we performed the fast

Fourier transform of the new rotational function Cy(t), sampled at n discrete times t,, with a spacing

of At = 2 ps,

n-1
J(wy) = 2 Re [Z C(t) exp (—iwgt,y) | At#(9)
m=0

where wy, = 2mk/(nAt). The values of J(w) for w # w,, were obtained by linear interpolation.



Supporting results
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Figure S1. Ca RMSD from the initial structure during a 1 s trajectory of the semi-open state loaded
with one Ca”" ion and during a 1 ps trajectory of the closed state without Ca*".
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Figure S2. Secondary chemical shifts of the Ca**-free closed state of recoverin: A comparison
between the simulation (red bars) and the experiment (black circles). The predicted values of Ca, Cp,
and C atom "°C chemical shifts were calculated using the SHIFTX program”' from 1000 snapshots
extracted from a 1 ps trajectory. The experimental data come from Ref*2. All chemical shifts are
expressed relative to random coil chemical shifts calculated using an online script® for the amino acid
sequence of recoverin at a temperature of 37 °C and at pH = 7.
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Figure S3. Secondary chemical shifts of the semi-open state of recoverin binding a single Ca*" ion: A
comparison between the simulation (red bars) and the experiment (black circles). The predicted values
of Ca., CB, and C atom "*C chemical shifts were calculated using the SHIFTX program®' from 1000
snapshots extracted from a 1 ps trajectory. The experimental data come from Ref''. All chemical shifts
are expressed relative to random coil chemical shifts calculated using an online script*® for the amino
acid sequence of recoverin at a temperature of 37 °C and at pH = 7.
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Figure S4. Longitudinal (R, ) and transverse (R,) "°N spin relaxation rates predicted from a 1 ps direct
MD trajectory of the Ca**-free closed state (red circles) and compared with experimental values™*
(black circles) measured in the absence of Ca®" at 81.08 MHz "N resonance frequency. The overall
rotational diffusion coefficients of the protein are scaled with the factor of 3.2 to compensate for the
overestimated rotational tumbling due to the TIP3P water model. Good agreement between
simulations and experiments is found, except for the large R, values for residues 15, 18, 21, 68, 93,
and 186, which were shown to arise from protein dynamics at the millisecond time scale using
relaxation dispersion experiments**. The rotational diffusion coefficients given by the MD analysis
(Dyx = 1.3, Dy = 1.2,D,, = 1.6 rad>-107/s) suggest that the protein is slightly ellipsoidal. The
timescale for the overall rotation (. = (6Dg;,) ! = 12 ns) is close to the estimate from the average
R,/R; ratio (15 ns)™.
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Figure S5. Longitudinal (R;) and transverse (R,) "°N spin relaxation rates predicted from a 1 ps direct
MD trajectory of the semi-open state binding a single Ca’* ion (red circles). The values from MD are
compared with experimental data®* determined in the absence of Ca*" (black circles) and at a 5%
subsaturating Ca>" concentration (blue circles) at 81.08 MHz "°N resonance frequency. The overall
rotational diffusion coefficients of the protein are scaled with the factor of 3.2 to compensate for the
overestimated rotational tumbling due to the TIP3P water model. The rotational diffusion coefficients
given by the MD analysis (D,, = Dy, = 1.1,D,, = 1.6 rad®-10"/s) suggest slightly more ellipsoidal
shape and slightly slower rotational diffusion than for the Ca**-free closed state in Fig. S4. The
timescale for the overall rotation (T, = (6Dg,) ' = 13 ns) is slightly longer than for the Ca**-free
closed state, in agreement with the estimates from the average R,/R; ratio (16 ns)**.
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Figure S6. The N-terminus becomes destabilized owing to the domain rotation. A comparison of the
root-mean-square fluctuations (RMSF) of Co. atoms in a 1 ps trajectory of the semi-open state binding
one Ca”" ion and in a 1 us trajectory of the closed Ca*'-free state of recoverin.
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Figure S7. Ca®” RMSD of the semi-open state after removing the Ca®" ion bound in EF3. (Top) Ca*"
RMSD calculated for the whole protein after its alignment to the starting structure, (bottom) Ca**
RMSD evaluated for the N-terminal domain (residues 2-91) after an alignment of the C-terminal
domain (more specifically, residues 122—189) to the initial structure.
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Figure S8. Effect of Ca®" removal on the structure of the semi-open state. A comparison of a recoverin

structure at the end of a 1 s trajectory with a Ca®* ion bound in EF3 (left) and at the end of a 600 ns
trajectory without Ca®* (right). The C-domain residues 122—189 are superimposed for both structures.
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Figure S10. Removal of Ca’" from EF3 changes the conformation of the EF hand. Comparison of Ca

RMSD distances of the EF hand 3 from its conformations in the NMR structure of the closed state

without Ca®* (PDB ID 1IKU)* and in the NMR structure of the semi-open E85Q mutant (PDB ID

1LA3)," binding a Ca®" ion in EF3. Results from a 1 us direct MD trajectory of the semi-open state

with Ca®" (top) and from a 560 ns REST2 simulation of the semi-open state without Ca*" (bottom).
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Figure S11. The EF hands 2 and 3 exhibit increased conformational variability in the Ca**-free semi-
open state. Distribution of the Ca. RMSD distances of the EF hands 2 and 3 from their conformations
in the NMR structure of the open state (PDB ID 1JSA),"* loaded with two Ca’" ions. Results obtained
from REST2 simulations of the semi-open state without Ca®" (fop) and of the closed state without Ca*"
(bottom).
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Figure S12. The REST2 simulation shows increased structural variation in the semi-open state of
recoverin without Ca**. A comparison of the Ca. RMSF values for the lowest temperature of a 560 ns
REST2 simulation and for a 1 us trajectory of the semi-open state binding one Ca*" ion.
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Figure S13. The absence of Ca®" from EF3 translates into domain rotation. Histograms of Co. RMSD
in the REST2 simulation without Ca*" (fop) and in direct MD with Ca®"(bottom), calculated for the N-
terminal domain (residues 2-91) after an alignment of the C-terminal domain (residues 122—189) to
the initial structure.
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open state without Ca>". 2D histograms showing the correlation between the Co. RMSD of the EF

hand 3 (residues 99—132) from its initial structure and the Co. RMSD of the N-terminal domain

(residues 2-91) after an alignment of the C-terminal domain (residues 122—189) to the initial structure.

The results were obtained from a REST2 simulation of the closed state without Ca*".
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